1. Introduction {#sec1}
===============

Dental caries is a dietary, biofilm-induced oral disease with *Streptococcus mutans* contributing a significant role in the development of cariogenic biofilms \[[@bib1]\] and the reduction in the bacterial load of the oral cavity is an essential aspect in the prevention of the disease \[[@bib2]\]. The use of some antimicrobial compounds, such as chlorhexidine, and fluoride-containing products have resulted in a decline in the prevalence of dental caries \[[@bib3], [@bib4]\]. However, it is essential to note that some reports suggested that fluoride may not be very effective \[[@bib5]\], and the development of bacterial resistance with the effect of antibiotics and chemical bactericides on the normal microbial flora of the digestive tract may limit their application in developing new antimicrobial dental materials \[[@bib6]\]. In atraumatic restorative treatment (ART), as well as the traditional treatment of dental caries, microorganisms may be left in the residual carious dentine, can survive under the filling, and can cause recurrent caries that will eventually cause the failure of the restoration \[[@bib7]\]. Furthermore, the modern scientific procedure involving only the removal of the infected or softened dentine from the carious lesion is sufficient to decrease the risk of pulp exposure, arrest the carious process, and maintain pulp vitality \[[@bib8]\]. An alternative restorative treatment procedure may be beneficial when circumstances do not permit traditional restoration treatment such as for infants, children, adolescents, elderly patients, and those with special care needs \[[@bib9]\].

Mutans streptococci are the primary causative microorganisms for dental caries. *Streptococcus mutans* and *Streptococcus sobrinus* are the two most commonly isolated species from the human oral cavity, and these microorganisms are recognised as the main cariogenic micro-organisms \[[@bib10], [@bib11], [@bib12]\]. Among both microorganisms, *Streptococcus mutans* is the most common, and *Streptococcus sobrinus* occurs in approximately 10%--14% of carious lesions \[[@bib13]\]. It has been reported that the latter is associated with the severest form of clinical dental caries, specifically in children \[[@bib14]\].

Glass-ionomer cement, created by A.D Wilson et al. in 1969 \[[@bib15]\], has been clinically used in many forms because of its desirable properties in dentistry \[[@bib16]\]. GIC is a tooth-coloured, water-based cement that is set by an acid-base reaction between aluminosilicate glass powder and polyacrylic acid \[[@bib17]\]. It has excellent biocompatibility \[[@bib18]\], is adhesive to natural tooth structures \[[@bib19]\], has fluoride release and rechargeability properties \[[@bib20]\], and is better than resin composite materials for the remineralisation of caries affected dentin \[[@bib21]\]. Glass-ionomer cement is the preferable material for restorations performed according to minimally invasive dentistry, including ART, as it can be applied in both the very early and late stages of caries development \[[@bib22]\]. Although GICs have fluoride-releasing capabilities, evidence suggests that the fluoride released from GICs is not adequate over a long time duration \[[@bib23]\]. Enhancing the antibacterial potential of glass-ionomer cement with the addition of antimicrobial substances is of a therapeutic advantage and may contribute to the elimination of any residual microorganisms underneath the restorative cement \[[@bib24]\].

An increasing number of studies recently reported that nanomaterials can provide novel preventive and therapeutic strategies for dental caries, notably for the reduction and control of dental plaque biofilms, improving the antibacterial properties of dental materials, and remineralisation of initial dental caries lesions \[[@bib25]\]. Magnesium oxide (MgO) nanoparticles have attracted interest for use in biomedical applications due to their antimicrobial properties \[[@bib26]\]. They are reported to have antimicrobial activity against both Gram-positive and Gram-negative bacteria, spores, and viruses, and can be prepared from economic precursors \[[@bib27]\]. Recent studies reported the antibacterial effect and biofilm formation of chemically synthesised magnesium oxide nanoparticles and Zein-based magnesium oxide nanoparticles on some oral microorganisms, including *Streptococcus mutans* \[[@bib28], [@bib29]\]. This paper explores the antibacterial and antibiofilm activity of MgO nanoparticle modified glass-ionomer cement against *Streptococcus mutans* and *Streptococcus sobrinus*.

2. Materials and methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

Magnesium oxide nanoparticles (20 nm) were acquired from Nanjing Nanotechnology Co. (Nanjing, China). X-ray powder diffraction (XRD) was used to investigate the structure of the nanoparticles via an X-ray diffractometer (PANalytical X\'Pert PRO, Malvern Panalytical Ltd, Malvern, UK) operating at 45 kV with a current of 40 mA using CuKα radiation (λ = 1.5406Å) in the range of 30^∘^-90^∘^. FTIR spectrophotometry was recorded on a PerkinElmer spectrometer (PerkinElmer Inc., Waltham, MA, USA) in the range of 400--4000 cm^−1^. The morphology and dispersion of the MgO nanoparticles were analysed via a CS 3200 LV CamScan scanning electron microscope (CamScan Electron Optics Ltd, Waterbeach, UK) accelerated at 25 kV. The GIC used was 3M ESPE Ketac Molar Easymix Glass Ionomer Filling Material A3 Shade (3M Deutschland GmbH, Neuss, Germany) in a powder/liquid form. Chlorhexidine diacetate powder (C6143 Sigma-Aldrich, St. Louis, MO, USA) was used as the positive control additive material.

2.2. Bacterial strains and culture conditions (isolation and identification of the mutans streptococci species) {#sec2.2}
---------------------------------------------------------------------------------------------------------------

The isolation and identification of the mutans streptococci species were performed according to a protocol developed and reported by Villhauer et al. (2017). Briefly, the protocol includes preliminary identification based on colony morphology on selective agar media (SB-20M) followed by polymerase chain reaction (PCR) confirmation for species identification using primers targeting specific regions of the glucosyltransferase (gtf) genes of *Streptococcus mutans* and *Streptococcus sobrinus.* This method of isolation and identification is reported to be highly accurate and more rapid than previous methods \[[@bib30]\]. The primer sets selected were reported by Oho et al. (2000). They performed better with minimal false positive or false negative results \[[@bib30]\]: *Streptococcus mutans* (gtfB-F:5′-ACTACACTTTCGGGTGGCTTGG-3′ and gtfB-R:5′-CAGTATAAGCGCCAGTTTCATC-3′) with a 517 bp amplicon size and a 55 °C annealing temperature and *Streptococcus sobrinus* (gtfI-IN-F:5′-TGGTATCGTCCAAAATCAATCC-3′ and gtfI-IN-R:5′-AGATTTGCAGTTGGTCAGCATC-3′) with a 664 bp amplicon size and a 55 °C annealing temperature \[[@bib31]\].

2.3. Determination of the antibacterial activity of the MgO nanoparticles {#sec2.3}
-------------------------------------------------------------------------

The minimum inhibitory concentration (MIC) is the lowest concentration of each antimicrobial agent that inhibits the growth of the microorganisms being tested and is detected by a lack of turbidity matching against a negative control. The minimum bactericidal concentration (MBC) is defined as the lowest concentration of an agent killing the majority of bacterial inoculums \[[@bib32]\]. The MIC was determined through a broth dilution method. The MBC was determined by culturing all clear (negative) tubes through serially diluting 100 μl in a 9.9 ml broth to 10^−3^ fold and plating a 100 μl volume from this dilution on BHI agar (incubated for 24 h), then observing for a \<50 CFU/ml colony count (that is, a 99.9% reduction in the bacterial count).

2.4. Antibacterial activity testing for GIC (agar disk diffusion assay) {#sec2.4}
-----------------------------------------------------------------------

Glass-ionomer cement disks were prepared using PTFE moulds (7 mm in diameter and 1 mm thick). MgO nanoparticles were added to the glass-ionomer powder, and the powder/liquid ratio was maintained per the manufacturer\'s instructions (P/L ratio: 2.9:1). A total of 120 specimens were prepared (10 disks for each group of material per microorganism tested). The positive control group was prepared by mixing chlorhexidine diacetate powder at 1% (w/w) to the GIC powder. A 1% concentration of chlorhexidine diacetate was selected based on results reported that the incorporation of 1% CHX diacetate is the optimal concentration to provide appropriate antibacterial properties without compromising the physical and bonding properties of the glass-ionomer cement \[[@bib24]\]. The MgO nanoparticles were added to the GIC powder at 0%, 1%, 2.5%, 5%, and 10% concentrations.

Antibacterial activity was determined via an agar disk diffusion method using BHI agar. After the 24-h incubation period, suspensions of McFarland 0.5 were prepared in a standard saline solution (0.85% NaCl). Using a sterile swab, a 100 μl aliquot was spread onto BHI agar plates and left to dry at room temperature for 30 min. Then the GIC specimens were placed onto a BHI agar plate inoculated with each bacterial strain. After the agar plates were incubated at 37 °C for 48 h, the diameters of the zones of inhibition produced around the specimens were measured using a digital calliper at three different points. The sizes of the inhibition zones around the GIC disks were calculated by subtracting the diameter of the specimen (7 mm) from the average of three measurements of the halo around the GIC disks \[[@bib24]\].

2.5. GIC biofilm assessment through the colony-forming unit (CFU) counts {#sec2.5}
------------------------------------------------------------------------

Six GIC disks (7 mm in diameter and 1 mm thick) per group per microorganism were used for the biofilm assessment. The GIC discs were incubated in a test tube containing 1 ml of 108 CFU/ml. After 3 days of incubation, the disks were removed, gently dipped into sterile PBS, and transferred into Eppendorf tubes with 1 mL of BHI broth. The biofilms were detached, dispersed, and harvested by vortexing for 5 min at the maximum speed. The resulting bacterial suspensions were serially diluted and plated on BHI agar plates and then incubated for 24--48 h. The total CFU/mL on each disk was calculated from the number of colonies along with the dilution factor \[[@bib33]\].

2.6. Statistical analysis {#sec2.6}
-------------------------

The statistical analysis was performed using SPSS software (IBM SPSS Statistics Version 16), and the level of significance was set at p \< 0.05. The GIC agar disk diffusion and CFU biofilm counting assay data were submitted for an analysis of the distribution and homoscedasticity using the Shapiro-Wilk test. The reported data were presented as means and standard deviations. One-way ANOVA and Tukey\'s HSD post hoc test were used for the analysis of the glass-ionomer disk diffusion and the CFU/mL counting of the biofilm assay. The CFU/mL values were log-transformed (base 10) for the statistical analysis. The results of the MIC and MBC for the MgO nanoparticles were only expressed numerically without analysis.

3. Results {#sec3}
==========

3.1. MgO nanoparticle characterisation and antibacterial activity {#sec3.1}
-----------------------------------------------------------------

The MgO nanoparticle powder was a fine white powder, and the MgO nanoparticle suspensions had an alkaline pH (pH = 10.6). The powder XRD pattern of the MgO nanoparticles is shown in [Fig. 1](#fig1){ref-type="fig"}. All of the diffraction peaks matched well with the face-centred cubic structure of periclase MgO (JCPDS No. 87-0653). The major peaks at 2θ values of 36.9°, 42.9°, 62.3°, 74.8°, and 78.6° were indexed to the lattice planes of (111), (200), (220), (311), and (222), respectively. The sharp diffraction peaks perfectly matched the crystalline structure of the MgO with high purity \[[@bib34]\]. The average nanoparticle size was calculated from the diffraction peaks using the Debye-Scherrer equation \[[@bib35]\], and it was approximately 20.8 nm. SEM images of the MgO nanoparticles are shown in [Fig. 2](#fig2){ref-type="fig"}. White spot agglomerates of the MgO nanoparticles were due to the hygroscopic nature of the material \[[@bib35]\]. The Fourier transform infrared (FTIR) spectra of the MgO nanoparticles are shown in [Fig. 3](#fig3){ref-type="fig"}a. The observed bands in the 3400-3700 cm^−1^ range were due to the O-H stretching bond vibrations from the absorbed water molecules \[[@bib36]\]. The peaks at 1424 cm^−1^ and 1485 cm^−1^ were attributed to stretching of the carbonate ion and CO3^2-^ species and the bending vibration of the water molecules \[[@bib37]\]. Bands at 581 cm^−1^, 850 cm^−1^, and 890 cm^−1^ corresponded to v1 and v2 stretching vibrations of the metal-oxygen bond \[[@bib38], [@bib39]\], which corresponded to the presence of the MgO nanoparticles \[[@bib35]\]. The FTIR spectra of both the control GIC and MgO nanoparticles modified GIC are shown in [Fig. 3](#fig3){ref-type="fig"}b and c. The v1 and v2 stretching vibrations of the metal oxides were present in the FTIR spectra of the modified GIC, indicating successful embedding of the nanoparticles in the GIC matrix ([Fig. 3](#fig3){ref-type="fig"}c). The minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) for both microorganisms were determined at 500 μg/ml and 1000 μg/ml, respectively.Fig. 1Powder X-ray diffraction (XRD) pattern of the MgO nanoparticles.Fig. 1Fig. 2SEM image of the MgO nanoparticles.Fig. 2Fig. 3FTIR spectra of the (a) MgO nanoparticles, (b) GIC, and (c) MgO modified GIC.Fig. 3

3.2. Antibacterial activity of the MgO modified GIC {#sec3.2}
---------------------------------------------------

The data were normally distributed. One-way ANOVA ([Table 1](#tbl1){ref-type="table"}) followed by the post-hoc Tukey honest significant difference (HSD) test showed that the produced size of the inhibition zones differed significantly among all of the experimental groups for both of the tested microorganisms (p \< 0.000) ([Fig. 4](#fig4){ref-type="fig"}). The mean values (mm) and standard deviations of the growth inhibition zones for the control and experimental groups are shown in [Fig. 4](#fig4){ref-type="fig"} for both *Streptococcus mutans* and *Streptococcus sobrinus*. GIC alone and GIC with 1% MgO nanoparticles exhibited no inhibition zones. However, the size of the inhibition zones was dependent upon the amount of MgO nanoparticles incorporated into the experimental GIC. The size of the inhibition zones of *Streptococcus mutans* was slightly larger than those of *Streptococcus sobrinus*, and GIC with 1% chlorhexidine (positive control) had the largest inhibition zones.Table 1Results of one-way analysis of variance (ANOVA) for the size of the inhibition in the agar disk diffusion test.Table 1Size of inhibitionSum of squaresDFMean squareF-valueSignificance (p-value)*Streptococcus mutans*Between groups557.1115111.42220730.000Within groups2.903540.054Total560.01459*Streptococcus sobrinus*Between groups526.5165105.30344830.000Within groups1.268540.023Total527.78559Fig. 4The mean values (standard deviation) of the zone of inhibition in the agar disk diffusion test for all of the groups (groups with the same small letter callouts show no statistical difference using Tukey\'s HSD test (p \> 0.05). SM: *Streptococcus mutans*, SS: *Streptococcus sobrinus*.Fig. 4

3.3. GIC biofilm assessment through the colony-forming unit (CFU) counts {#sec3.3}
------------------------------------------------------------------------

The log10 (CFU/mL) values were normally distributed and the one-way ANOVA test analysis ([Table 2](#tbl2){ref-type="table"}) followed by the post-hoc Tukey honest significant difference (HSD) test demonstrated significant differences in the number of adhered bacterial cells between the original GIC material and the experimental groups (p \< 0.000) ([Fig. 5](#fig5){ref-type="fig"}). The mean values and standard deviations of the log10 (CFU/mL) values for the tested GIC groups are summarised in [Fig. 5](#fig5){ref-type="fig"}. The unmodified GIC cement had the highest number of adhered cells in the biofilm that formed on the disks. Some differences occurred between the experimental groups with different nanoparticle concentrations for both of the microorganisms, and the number of adhered cells decreased with the increasing nanoparticle content in the GIC as shown in [Fig. 5](#fig5){ref-type="fig"}.Table 2Results of one-way analysis of variance (ANOVA) for the log10 (CFU/mL) values in the GIC biofilm test.Table 2Log10 (CFU/mL)Sum of squaresDFMean squareF-valueSignificance (p-value)*Streptococcus mutans*Between groups44.44658.88971.5300.000Within groups3.72830.124Total48.17435*Streptococcus sobrinus*Between groups48.51559.703123.5520.000Within groups2.35630.079Total50.87135Fig. 5The mean values (standard deviation) of the log10 (CFU/mL) values in the GIC biofilm test for all of the groups (groups with the same small letter callouts show no statistical difference using Tukey\'s HSD test (p \> 0.05). SM: *Streptococcus mutans*, SS: *Streptococcus sobrinus*.Fig. 5

4. Discussion {#sec4}
=============

The field of GICs is an important topic of interest in healthcare because of their unique properties, especially controlled antibacterial release behaviour \[[@bib16]\]. One of the fundamental concepts for long-lasting dental materials is to control the growth of microorganisms, such as bacteria \[[@bib16], [@bib40]\]. Although developed primarily for use in less-developed regions, ART is also applied within the minimum intervention dentistry approach in dental clinics in other countries \[[@bib41], [@bib42]\]. Early caries lesions remain challenging for dental research and public health, particularly for individuals with a high risk of developing caries \[[@bib25]\]. A biocompatible antibacterial glass-ionomer cement is a primary required material for dental practitioners endorsing minimum intervention dentistry and alternative restorative technique philosophy in their daily practise routine.

The application of nanoparticles as local preventive measures against cariogenic microorganisms has attracted increasing interest over the last two decades, and targeted therapy and reduced adverse effects are the advantages of local drug delivery in dental caries prevention and treatment \[[@bib43]\]. Several studies reported the potential role of nanomaterials in dentistry, but their biosafety remains a significant concern for the medical field and the accumulation of nonbiodegradable nanoparticles in different body organs, including the brain, can result in unpleasant effects in the biological tissues \[[@bib43]\]. In this context, the application of nanoparticles with safe and biocompatible degradable compounds may be of more significant benefit. Magnesium oxide nanoparticles have the advantage of nontoxicity, high thermal stability, biocompatibility, and low cost of production \[[@bib44]\]. MgO nanoparticles are superior to other metal oxide nanoparticles due to their biocompatibility and degraded by-products and have been recognised as harmless materials by the US Food and Drug Administration (21CFR184.1431) and are attracting increased interest for biomedical applications (such as implants, bone surgery, antimicrobial agents, etc.) due to their biodegradable, nontoxic products (namely magnesium ion), which is an essential element in the human body \[[@bib45]\].

Nanoparticles can affect microorganisms in numerous ways, and the microbes are less likely to develop resistance against nanoparticles because most of the antibiotic resistance mechanisms are irrelevant for nanoparticles \[[@bib46]\]. Along with membrane disruption and reactive oxygen species generation, MgO nanoparticles also inhibit the essential enzymes of bacteria \[[@bib47]\]. The high pH (alkaline pH) of MgO nanoparticles may also play a role in their antibacterial action \[[@bib48]\]. The alkaline characteristic of MgO nanoparticle suspensions may be of interest for combating the acidogenic microorganisms responsible for the development of dental caries and may also favour the surrounding environment for enamel remineralisation \[[@bib49]\].

Recent studies in the combat against dental caries focus on both *Streptococcus mutans* and *Streptococcus sobrinus* and their biofilms, as they play crucial roles in the initiation and development of dental caries \[[@bib50], [@bib51]\]. The minimal inhibitory concentration for MgO nanoparticles was found to be 500 μg/mL against both *Streptococcus mutans* and *Streptococcus sobrinus*, and similar results were also reported against *Escherichia coli* \[[@bib26]\]. Previous studies with different research methods and in different application situations reported varying degrees of antibacterial and antibiofilm activity of MgO nanoparticles against only *Streptococcus mutans* \[[@bib28], [@bib29]\]. In our results, the MgO nanoparticles showed similar antimicrobial activity against both *Streptococcus mutans* and *Streptococcus sobrinus*. Although *Streptococcus mutans* is the most common species studied, several studies reported that the presence of both species together is associated with higher prevalence and higher caries activity in children \[[@bib13], [@bib14]\]. Microorganisms in the biofilm are more resistant to antimicrobial agents; for example, biofilms can survive antimicrobial agent levels up to 1000 times the concentration required to kill planktonic microorganisms \[[@bib52]\]. Hence, it is crucial that any antibacterial agent developed to combat cariogenic microorganisms should be able to pose its effect, not only on the planktonic cells but also on the cells in a biofilm status.

In vitro studies reported that the release of minimal amounts of fluoride from GIC is not sufficient to prevent biofilm formation around the filling material, possibly due to the low amount of fluoride ions released form these materials \[[@bib53]\]. Hence, there is a need for an alternative biocompatible additive that has the potential to enhance the antibacterial effects of GIC without compromising the physical properties \[[@bib54]\]. Protective mechanisms of GICs from biofilm attacks can be improved through several strategies including enhancing fluoride release and the addition of other antimicrobial substances \[[@bib55]\].

Previous studies have tried to improve the antibacterial properties of glass-ionomer cement by adding antimicrobial substances such as propolis, chlorhexidine, *Salvadora persica* (miswak) extracts, casein phosphopeptide-amorphous calcium phosphate, nanoparticles, and antibiotics to GICs \[[@bib54], [@bib56], [@bib57]\]. Within the limitations of this study, the results showed that the addition of MgO nanoparticles could enhance the antibacterial and antibiofilm properties of GIC material and the magnitude of the effect is dependent on the percentage of the nanoparticles added. Due to the biocompatible nature of MgO nanoparticles and their degradable by-products, MgO nanoparticles could be excellent candidates for further research and development of GICs and other preventive and restorative dental materials. Nevertheless, its crucial to investigate other properties that are required for any clinically applied dental restorative material (for example, the setting time, mechanical and adhesive properties, biocompatibility of the mixture of nanoparticles with GIC, etc.).

5. Conclusions {#sec5}
==============

MgO nanoparticles are promising antibacterial agents for dental applications due to their unique properties, including antibacterial activity against cariogenic microorganisms. MgO nanoparticle modified GIC showed effective antibacterial and antibiofilm activity against cariogenic microorganisms.
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